In this review we shall be concerned with fluctuations which have spectral densities varying approximately as 1/f over a large range of frequency, f. Fluctuations with such spectra have been observed in a, tremendous variety of dissimilar physical systems. The great difficulties encountered in reasonably explaining the shape of the spectrum and in ascribing a physical origin to the noise in each system (let alone a universal explanation) have kept 1/f noise in the forefront of unsolved problems in condensed matter physics. Given the diversity of systems which contain 1/f fluctuations, it is obvious that the physical origin of the noise cannot be universal. The detailed mechanics for generating noise in traffic flow (Musha and Higuchi, 1977) , for example, are certainly unrelated to those generating noise in a carbon resistor. Still, because of the ubiquity of the phenomenon, it is tempting to search for universality in the underlying equations of motion. In light of the current status of the field, we see no reasonable prospect that such searches will be successful: The most general models are poorly correlated with experiments, whereas the most successful theories are the ones with the most specific applications. Restricting one's attention to the less grandiose problem of voltage noise in condensed matter systems, one can again ask:
Is there a universality in the underlying equations which leads to 1/f noise in many apparently unrelated systems? Unfortunately, the existing experimental information is not sufficient to answer this question, although we will present some evidence of conceptual progress in this direction.
In this review we shall be concerned mainly with 1/f fluctuations in the resistance of "simple' condensed matter systems, with emphasis on the noise in metals.
Other areas, such as vacuum tubes, solid state devices, carbon resistors, contacts, etc. , are covered in a recent and wide-ranging review by Van der Ziel (1979) . The reader is also directed to this article and to Press (1978) for discussions of many other issues neglected or insufficiently dealt with in the present paper.
We begin this review with an elementary description (Sec. I) of how 1/f noise is observed and what its basic features are. Section II discusses some general questions regarding the nature of the noise; this is followed by a, description (Sec. III) of the main classes of theories that attempt to model 1/f noise. The temperature-fluctuation model, one that has achieved considerable success, is dealt with in detail in its own section (Sec. IV). In Sec. & we discuss the growing weight of evidence that cies. Johnson or Nyquist noise is well understood and will not be further discussed here.
In the steady-state condition IDc =-const' 0, the fluctuations in V are observed to increase over the equilibrium value given by Eq. (1). There are two frequently observed sources of current-induced noise. The first of these is shot noise, which is proportional to ID&. Shot noise arises because of the finite size of the electrical charge which leads to current pulses at the electrodes of the sample. As a fraction of the dc power, shot noise is larger at low currents where the discreteness of electrical charge is more important. As with Johnson noise, this noise is white at low frequencies S.(f) -=4 f (r() co ( m8i 2)dr7, 0 C"(r)=()'(~))'(0)) -()')'= f S"(f)cos(2'~)df and is relatively well understood. At sufficiently low frequencies, however, the so-called "flicker" or "I/f" noise is the dominant form of excess noise. It is this extra low-frequency noise that is the subject of this review.
It should be pointed out in passing that the shape of the power spectrum uniquely characterizes the process only if it is stationary and Gaussian (all higher-order correlations are zero). In other cases, information is being lost whenever the customary, procedure of recording only the power spectrum is followed. We shall discuss nonstationary and non-Gaussian processes only briefly (Sec. II); see, however, Nelkin and Tremblay (1980) . Many of the features of flicker noise are illustrated by the phenomenological equation due to Hooge (1969) , which we write in the form @2+ 0 (f) DC cH ere n, P, and y are constants (P =0) , N, is the number of charge carriers in the sample, and f is the frequency.
Note that y is dimensionless only if n =1 and p=0. The inverse dependence on N, was postulated by Hooge to unify the noise processes in metals and semiconductors with y--2 x 10 3.
According to this equation, the spectral density is independent of temperature and material parameters and is a power law at all frequencies. Indeed, Hooge (1969) has tabulated a vast amount of data on both metals and semiconductors which show room-temperature noise in approximate agreement with Eq. (2). Over the years, many other papers have attempted to show that one system or another shows. flicker noise that is consistent with the "magic number" y= 2x 10~(e.g. , Hooge, 1976; Vandamme, 1974; Hooge and Kleinpenning, 1975; Kleinpenning, 1976; Strocken and Kleinpenning, 1976) .
If this were indeed true, Eq. (2) would be a. striking statement, providing a powerful key to the understanding of I/f noise. Unfortunately, the strong dependence of the noise in semiconductors on the oxidation state of the surface (McWhorter, 1957) and the magnitude of the noise in the semimetal bismuth (Voss and Clarke, 1976) are in strong disagreement with Eq. (2). Many of the measurements by Hooge and collaborators are on contacts; not only is the relevant N, in a contact area difficult to estimate, but the universal magnitude of noise measured under such conditions may demonstrate the universality of contact noise rather than of fluctuations in bulk materials. In the case of manganin, for example, contact noise measurements (Hooge, 1977) yield close to the Hooge value for y, whert as bulk measurements (Voss and Clarke, 1976) yield y &10 4. In the cise of such metals as Cu, Ag, and Au, the noise in baulk samples at room temperature is indeed in orderof-magnitude agreement with Eq. (2); however, the noise is temperature dependent in ways that are characteristic of each metal and therefore cannot even be described by a universal function y(T). Since A related problem caused by the apparent power-law nature of the observed frequency spectra is that we cannot extrapolate to find the magnitude of the total fluctuation. Any quantitative comparison to a theory which yields a power-law spectrum over some region is, therefore, sensitive to where the (unobserved) roiioff frequencies are postulated to be.
II. SASIC QUESTIONS
The phenomenological formula of Hooge [Eq. (2) (Dutta and Horn, unpublished) so that the analogies yield no conclusion. According to the theory of Celasco et ol. (1978) the noise is a. universal feature of the metal-substrate interface. In metal films, however, the noise is a characteristic property of the metal being studied and is known not to depend on the substrate except in a special case (Dutta, Eberhard, and Horn, 1978 Fig. 2 .
These results show that in these systems there exists a. 1/f mechanism that is intrinsic to the sample and is not generated by the driving current. Nelkin and Tremblay (1980) [This follows from the f-0 contribution to &"(r=0) = AS"(f)df/f.] Tandon and Bilger (1976) have shown that if (V(t) V(t+ 7. )) is a function of f, it is not necessarily true that the power spectrum, averaged over a sufficiently large time, will change with time; however, they were able to obtain a stable f ' spectrum only with a suitably chosen correlation function that is an osci/lato&y function of t. There is some experimental evidence that the short-time average of the 1/f noise power, especially in carbon resistors, shows statistical fluctuations larger than expected for stationary signals (Brophy, 1968 (Brophy, , 1969 (Brophy, , 1970 Purcell, 1972; Dell, 1973, etc. Dutta, and Horn (1979) find that the resistance change is riot uniform; it is highest in. a freshly prepared sample and unobservable after about two weeks. Also, a film that is heated to about 150 C and then cooled to room temperature shows no resistance drift. Since the melting point of Bi is 545 K, it seems that the resistance drift may well be due to slow annealing of the film.
There is, however, absolutely no difference in the noise from a film whether it is freshly prepared, aged, or rapidly annealed, so that the noise and the drift clearly do not have the same origin. D. Is the mechanism producing noise linear'
The search for the mechanisms underlying 1/f noise has led to many measurements of the statistical properties of the noise (see, for example, Hooge and Hoppenbrowers, 1969; Brophy, 1969; Purcell, 1972) . One important question is whether the mechanism, or in other words the equation governing the fluctuation process, ls linear. Voss (1978) looked for a type of linearity by measuring the "conditional mean ' defined as follows:
where @(f) does not depend on Vo, the average timeevolution of the system is always the same except for a linear dependence on the "initial condition" Vp. Intuition suggests that this 'linear response' indicates that the microscopic dynamics leading to the fluctuations are linear.
The conditional mean was determined from five different 1/f noise sources by digitizing their noise signals. Figure 3 shows the distribution of the fluctuations for each sample. However, while these experiments provide an interesting class of statistical information, it has been pointed out by Nelkin and Tremblay (1980) amplifier; E, reverse-biased PN diode {sample E showed substantial burst noise). Source: Voss (1979) .
As is customary in statistical physics, we shall henceforth assume that the noise process is stationary, for simplicity, and in the absence of overwhelming evidence to the contrary. A fuller discussion of nonstationarity and its consequences for the spectrum has been given by Van der Ziel (1979) . 
It can be seen, in fact, from Voss's data that the sys- i.e. , one for which correlation functions of order higher than second are zero, satisfies the condition (b) proposing that the observed spectrum is a 1/f region of a non-scaleinvariant spectrum, in which case the theory must explain both the large frequency region over which f noise is observed in some systems, and its ubiquity in so many dissimilar sytems.
In a recent paper, Nelkin and Tremblay (1980) have given an excellent discussion of scale similarity. Sev-
In particular, if (Voss and Clarke, 1976) has an especially clear-cut connection to physical processes and will be discussed in detail in the following section.
C. Noise from bremsstrahlung By far the most ambitious theory of 1/f noise is that proposed by Handel (1975 Handel ( , 1977 (F(x+s, t+ 7) F(x, T))~5(s)6(I). (~V') = V, ',R-'(~R')
For a canonical ensemble, Moreover, s inc e C"Ñ the noise has the proper in ver se volume dependence. Given this 1/N dependence, it is clear that the above model cannot apply to semiconductors where the noise is large in macroscopic samples.
However, it might be appropriate to metals, especially in situations where dR/dT is large.
Since the energy is a conserved quantity, the frequency spectrum of the above model is that given by a standard diffusion equation approach like that in the models con--sidered by Richardson (1950) . However, the significance of the model is sufficient to warrant reproducing the =DV2T+C 'P(x, I), (12) where P(x, I) is uncorrelated in space and time:
(P(x+ s, I+ v. )P(x, I)) «6(s)6(7. ) .
The &. F term represented a random flow of energy within the system; the P(x, I) term causes a fluctuation in the energy of the system. Equation (12) (Weissman, 1978) that the specific heat is not a well defined local quantity. I,iu (1977) is relevant to the shape of the noise spectrum, although the mechanism by which increased thermal contact causes a flatter spectrum is unclear. Ketchen and Clarke (1978) measured the noise near the superconducting transition of tin films that were freely suspended (without a substrate). They find that these samples have noise spectra that flatten off at low frequencies and are distinctly steeper than f ' at the highest frequencies observed (Fig. 10) . The knee" in the spectrum is near f = D/Ll and the data are consistent with the prediction [ Fig. 6(a) have measured the noise at room temperature in several metals and find considerable evidence to suggest that the noise in metals is also due to temperature fluctuations. They find general agreement (within a factor of 3, which is reasonable because of the large uncertainty in estimating the size of the sample) between the observed noise magnitudes and the magnitudes predicted from Eq. (13). Note that the only material-dependent parameter in Eq. (13) is P. (At room temperature C, = 3&k in all cases. ) In particular, manganin, for which p = 0, shows no noise (see Table I ). (Fig. 13) .
One other result due to these authors will be mentioned here. They show that the diffusion equation predicts that the temperature decay of a delta-function power input into a sample will. have the same spectrum as the equilibrium fluctuations described by Eq. (11), whereas in the case of a step-function. input the Fourier transform of the decay of the temperature will have the same shape as the spectrum derived from Eq. (12). They then perform an experiment. to observe the dissipation of power inputs in the same samples in which 1/f noise is measured, and find that the measured noise is consistent in magnitude and frequency dependence with the prediction from the step-function response experiment, whereas the Fourier transform of the delta-function response is a much flatter spectrum (Fig. 14) . (Fig. 15) , Cu (Fig. 16) , and Au (Fig. 17) over a range 100-600 K and in Ni (Fig. 18) (Fig. 18 ) presents an additions. l problem. At the Curie point, P (the temperature coefficient of resistance) peaks with a specific-heat-like exponent leading to a sharp peak in the predicted noise magnitude.
In superconducting tin, where the situation-is analogous, we have seen that the observed noise scales with dR/dT (Figs. 8 and 11) . In Ni the noise shows slight structure at the temperature at which P peaks, but certainly does not scale with P . Dutta, Eberhard, and Horn (1978) (1976) . The solid line is a smooth curve through the data. Source: Eberhard and Horn (1978) . The discrepancies extend to the values for the slopes of the spectra, (n) as a function of temperature. Eberhard and Horn have reported that at any given temperature there is no observable deviation from straight power laws S"(f)~f ™ (a independent of f). However, o. changes with temperature and is different in Ag and Cu (Fig. 20) . The pulse spectra, however, yield values of o. which, while also temperature-dependent, do not depend on the nature of the film; also, they do not match the reported values for voltage noise spectra (Fig. 20 ). More will be said about this later in this section.
Thus, while the applicability of the thermal fluctuation model is not in doubt in special cases with a strong coupling of the temperature to the resistance, the model is in serious trouble in other cases.
(a) The room-temperature agreement of magnitudes (Table I) , which is dependent on the nature of the postulated model spectrum (Fig. 8) , is fortuitous in light of the totally different temperature dependences predicted and observed. (6R(t)6R(t+ 7))/R = PkT G~a(T)/R. (c) The dependence of S on T is, however, not suppressed; its structure depends on the structure of K)(E) through Eq. (19). Equation (20) can be tested quantitatively using the existing data on Ag due to . In Fig. 21 the smooth fit to the data for S"vsT has been used to calculate n vs T. Not only is n always within the limits for generic 1/f noise, but the trends in the dat, a are well reproduced.
Figure 21(c) shows the energy distribution for this system, calculated from Fig. 21(a) 
